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Abstract We study the beam single-spin asymmetries
AsinφhLU for charged hadrons produced in semi-inclusive
deep inelastic scattering process, by considering the eH⊥1
term and the g⊥D1 term simultaneously. Besides the
asymmetries for charged pions, for the first time we
present the analysis on the asymmetries in the pro-
duction of charged kaons, protons and antiprotons by
longitudinally polarized leptons scattered off unpolar-
ized proton and deuteron targets. In our calculation we
use two sets of transverse momentum dependent dis-
tributions g⊥(x,k2T ) and e(x,k
2
T ) calculated from two
different spectator models, and compare the numerical
results with the preliminary data recently obtained by
the HERMES Collaboration. We also predict the beam
spin asymmetries for π±, K±, p/p¯ electroproduction in
semi-inclusive deep-inelastic scattering of 12 GeV po-
larized electrons from unpolarized proton and deuteron
targets.
1 Introduction
As a powerful tool to reach a more detailed understand-
ing of the structure of hadrons, single-spin asymmetry
(SSA) appearing in high energy scattering processes has
attracted extensive attention in the last two decades [1,
2,3,4]. In recent years, substantial SSAs for the electro-
production of pions and kaons in semi-inclusive deep-
inelastic scattering (SIDIS) were measured by several
collaborations, such as the HERMES collaboration [5,
6,7,8,9,10,11], the Jefferson Lab (JLab) [12,13,14,15,
16,17] and the COMPASS collaboration [18,19,20,21,
22,23]. In a particular case of SSAs, an asymmetry
with a sinφh modulation (the so-called beam SSA) has
been observed in SIDIS by colliding the longitudinal
aemail: zhunlu@seu.edu.cn
polarized electron [12,15,16,17] or positron beam [9]
on the unpolarized nucleon target. Since the magni-
tude of the observed asymmetry with several percents
cannot be explained by perturbative QCD [24], sev-
eral mechanisms have been proposed to generate such
asymmetry. One mechanism involves the eH⊥1 term [25,
26], which indicates that the asymmetry is resulted
from the coupling of the distribution e [27,28] with the
Collins fragmentation function (FF) H⊥1 [29]. Another
mechanism relates to the h⊥1 E term [30], which sug-
gests that the beam SSA is contributed by the convo-
lution of the Boer-Mulders function h⊥1 [31] and the
FF E [30,25]. Apart from the above two mechanisms, a
new source giving rise to the beam SSA at the twist-3
level has been found through model calculations [32,33].
This mechanism involves a new twist-3 transverse mo-
mentum dependent (TMD) distribution function (DF)
g⊥ [34], which appears in the decomposition of the
quark correlator if the dependence on the light-cone
vector is included. As a T -odd and chiral-even TMD, g⊥
can be regarded as an analog of the Sivers function [35]
at the twist-3 level, because both of them require quark
transverse motion as well as initial- or final-state inter-
actions [36,37,38] via soft-gluon exchanges to receive
nonzero contributions. Therefore, studying beam SSAs
may provide a unique opportunity to unravel the role
of quark spin-orbit correlation at twist 3.
In a recent work [39], we studied the impact of
g⊥(x,k2T ) on the beam SSA for neutral pion produc-
tion. For this we calculated g⊥ of valence quarks inside
the proton using a spectator model [40] with scalar
and axial-vector diquarks. By comparing our results
with the experimental data measured by CLAS [15] and
HERMES [9], we found that the T -odd twist-3 DF g⊥
may play an important role in the beam SSA in SIDIS.
In Ref. [41], we extended the calculations on the twist-3
2TMD DFs e and g⊥ in the context of different specta-
tor models for comparison. We considered two options
for the propagator of the axial-vector diquark, as well
as two different relations between quark flavors and di-
quark types, to obtain two sets of TMD DFs. Using the
model results, we estimated the beam SSAs for neutral
and charged pions at HERMES and CLAS, by consider-
ing the eH⊥1 term and g
⊥D1 term simultaneously. Our
numerical results shows that different choices for the di-
quark propagator will lead to different magnitudes and
signs for the distribution functions, and can result in
different sizes of the asymmetries. The contributions to
the beam SSAs given by the eH⊥1 term and g
⊥D1 term
are also quite different even in different sets.
Most recently, new preliminary measurements on
the beam SSAs of charged hadrons with increased statis-
tics were performed by the HERMES Collaboration [42],
not only from a proton target, but also from a deuteron
target. Especially, the beam SSAs of K+, K−, proton
and antiproton have been measured for the first time.
The new experiments adopted different kinematics from
the ones in Ref. [9] and extended the measurements to
larger x and PT regions. The preliminary data shows
that the beam SSAs for the charged pions off the proton
target are slightly positive, which are consistent with
our theoretical results [41] calculated from the TMD
DFs in Set 1. For the events of charged kaons, proton
and antiproton production, the data indicate that the
beam SSAs are consistent with zero. In this work, we
will confront the spectator model results[39,41] on the
beam SSAs with the preliminary data from HERMES.
Especially, we will not only present the beam SSAs
for the charged pions with the new kinematic cuts at
HERMES, but also give the theoretical results for the
charged kaons, the proton and the antiproton, which
has not been done before. In the calculation we only
consider the contribution from TMD DFs of valence
quarks, therefore, the analysis on the charged kaons
can be used to test the role of the sea quarks in the
beam SSA. Furthermore, we will calculate the asym-
metries with both the proton and deuteron targets. It
is supposed that the contributions from the eH⊥1 term
are small in the case of the deuteron target, thus the
measurement with a deuteron target may provide clean
evidence of the g⊥D1 term to the beam SSA, similar to
the case of neutral pion production.
The rest of the paper is organized as follows. In
Section. II, we present the formalism of beam SSA in
SIDIS. In Section. III, we use two sets of TMD DFs
resulted from two different spectator models to calcu-
late the beam SSAs for charged hadrons at the new
kinematic region of HERMES. We also present the pre-
dictions on the beam SSAs in the electroproduction of
Fig. 1 The kinematic configuration for the SIDIS process.
The lepton plane (x − z plane) is defined by the initial and
scattered leptonic momenta, while the hadron production
plane is identified by the detected hadron momentum to-
gether with the z axis.
different charged hadrons at JLab with a 12 GeV elec-
tron beam. Finally, we give our conclusion in Sec. 4.
2 Formalism
In this section, we present the formalism of beam SSA
in SIDIS
e→(ℓ) + N(P ) → e′(ℓ′) + h(Ph) + X(PX) , (1)
which will be applied in our phenomenological analysis
later. We adopt the reference frame where the momen-
tum of the virtual photon defines the z axis, as shown in
Fig. 1. We use kT and P T to denote the intrinsic trans-
verse momentum of the quark inside the nucleon and
the transverse momentum of the detected hadron h. For
he transverse momentum of the hadron with respect to
the direction of the fragmenting quark, we denote it by
pT . Following the Trento convention [43], the azimuthal
angle of the hadron plane with respect to the lepton is
defined as φh.
The differential cross section of SIDIS for a longitu-
dinally polarized beam with helicity λe scattered off an
unpolarized hadron is generally expressed as [44]:
dσ
dxdy dzhdP 2T dφh
=
2πα2
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)
{FUU
+λe
√
2ε(1− ε) sinφh F
sinφh
LU
}
. (2)
where γ = 2MxQ , and the ratio of the longitudinal and
transverse photon flux ε is defined as
ε =
1− y − γ2y2/4
1− y + y2/2 + γ2y2/4
. (3)
In the parton model, the unpolarized structure func-
tion FUU and the spin dependent structure function
F sinφhLU in Eq. (2) can be expressed as the convolutions
of twist-2 and twist-3 TMD DFs and FFs, using the
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Fig. 2 Diagrams in the spectator model calculation for T-even TMDs (left panel) and for T-odd TMDs (right panel). The
dashed lines denote the propagators of diquarks, which can be the scalar or the axial-vector diquark.
tree-level factorization adopted in Ref. [44]. With the
help of the notation
C[wfD] = x
∑
q
e2q
∫
d2kT
∫
d2pT δ
2(zkT − PT + pT )
× w(kT ,pT )f
q(x,k2T )D
q(z,p2T ), (4)
we can express FUU and F
sinφh
LU as [44]:
FUU = C[f1D1], (5)
F sinφhLU =
2M
Q
C
[
PˆT · pT
zMh
(
Mh
M
f1
G˜⊥
z
+ x eH⊥1
)
+
PˆT · kT
M
(
Mh
M
h⊥1
E˜
z
+ x g⊥D1
)]
, (6)
where Mh is the mass of the final-state hadron and
PˆT =
P T
PT
with PT = |P T |.
We point out that our calculation on the structure
function F sinφhLU is based upon a generalization of the
TMD factorization to the twist-3 level. Therefore the
correctness of our results relies on the validation of the
twist-3 TMD factorization. However the TMD factor-
ization formalism in QCD at twist 3, or at order 1/Q,
has not been established yet. The main challenge is
that, the extension of the twist-2 factorization formula
to twist 3 at high orders of αS is not trivial [45,46].
Also, for the T-odd twist-3 observables, direct calcula-
tion shows that there are light-cone divergences [45] for
which it has not been understood how to control them
at order 1/Q. This does not necessarily mean that the
twist-3 TMD factorization cannot be developed. Fur-
ther study is needed to overcome this difficulty. Never-
theless, we will still use Eq. (6) as our starting point to
study the beam SSA.
The beam SSA Asin φLU as a function of PT therefore
can be written as
AsinφhLU (PT ) =
∫
dx
∫
dy
∫
dz CF
√
2ε(1− ε) F sinφhLU∫
dx
∫
dy
∫
dz CF FUU
,
(7)
with CF =
1
xyQ2
y2
2(1− ε)
(
1 +
γ2
2x
)
. (8)
The x-dependent and the z-dependent asymmetries can
be defined in a similar way.
Eq. (6) shows that there are four terms giving con-
tributions to the structure function F sinφhLU , which are
expressed as the convolutions of the twist-3 TMD DFs
or FFs with the twist-2 ones. In the following calcula-
tion, we will neglect the h⊥1 E˜ term and the f1G˜
⊥ term,
based on the Wandzura-Wilczek approximation [47].
Thus, there are two remained terms that may give con-
tributions to the structure function F sinφhLU . One is the
eH⊥1 term, which has been applied to analyze the beam
SSA of π+ production in Refs. [25,26]. The other is
the g⊥D1 term that has been adopted to calculate the
beam SSA of neutral and charged pion production [39,
41] recently. In this work, we take both terms into con-
sideration and finally arrive at
F sinφhLU ≈
2Mx
Q
∑
q=u,d
e2q
∫
d2kT
{
PˆT · (P T − zkT )
zMh
×
[
x eq(x,k2T )H
⊥q
1
(
z, (P T − zkT )
2
)]
+
PˆT · kT
M
[
x g⊥q(x,k2T )D
q
1
(
z, (P T − zkT )
2
)]}
.
(9)
For the twist-3 TMD DFs e and g⊥ of the u and
d valence quarks, we apply the results from our previ-
ous work [41], in which we obtained two sets of TMD
DFs by using two different spectator diquark models.
Among them, Set 1 is calculated from the spectator di-
quark model developed in Ref. [40], while Set 2 is from
4the spectator diquark model used in Ref. [48]. There
are two differences between these two models. One is
the choice of the propagator of the axial-vector diquark,
which corresponds to the different sum of the polariza-
tion of the axial-vector diquark. The other is the rela-
tion between quark flavors and diquark types. In this
work we will adopt both the two sets of TMD DFs to
calculate beam SSAs for comparison. The relevant di-
agrams for the spectator-model calculation are shown
in Fig. 2, in which we denote the propagators of the
diquarks by dashed lines.
In the following we explain some details on how to
obtain the above mentioned two sets of TMD DFs. In
the calculation of Set 1 TMD DFs, we choose the fol-
lowing form for the propagator of the axial-vector di-
quark [40]
dµν(P − k) = − gµν +
(P − k)µn−ν + (P − k)νn−µ
(P − k) · n−
−
M2v
[(P − k) · n−]
2 n−µn−ν , (10)
which is the summation over the light-cone transverse
polarizations of the axial-vector diquark [49]. At the
same time, we choose the following relation between
quark flavors and diquark types to obtain the TMD
DFs of valence quarks:
fu = c2sf
s + c2af
a, fd = c2a′f
a′ , (11)
where a and a′ denote the vector isoscalar diquark a(ud)
and the vector isovector diquark a(uu), respectively,
and cs, ca and ca′ are the parameters of the model.
In this calculation, the values of these model param-
eters are taken from Ref. [40], where they were fixed
by reproducing the parametrization of unpolarized [50]
and longitudinally polarized [51] parton distributions.
To calculate Set 2 TMD DFs, we adopt an alternative
form for dµν [48]
dµν(P − k) = − gµν , (12)
while for the relation between quark flavors and diquark
types, we employ the commonly used approach in the
previous spectator models calcuations [48,52]
fu =
3
2
f s +
1
2
fa, fd = fa
′
. (13)
Here the coefficients in front of fX are obtained from
the SU(4) spin-flavor symmetry of the proton wave func-
tion. It is worthwhile to point out that another propa-
gator of the axial-vector diquark is investigated in [53],
in which a complete polarization sum has been consid-
ered.
As for the Collins function H⊥1 , we adopt the fol-
lowing relations for charged pions:
H
⊥pi+/u
1 = H
⊥pi−/d
1 ≡ H
⊥
1fav, (14)
H
⊥pi+/d
1 = H
⊥pi−/u
1 ≡ H
⊥
1unf , (15)
where H⊥1fav and H
⊥
1unf are the favored and unfavored
Collins functions, for which we apply the fitted results
from Ref. [54]. Since currently there are no parameter-
ized Collins functions for kaons [55] and proton/antiproton,
we assume that they satisfy the following relations
H
⊥K+/u
1
D
K+/u
1
=
H
⊥pi+/u
1
D
pi+/u
1
, (16)
H
⊥p/u
1
D
p/u
1
=
H
⊥p/d
1
D
p/d
1
=
H
⊥pi+/u
1
D
pi+/u
1
, (17)
for the favored FFs and
H
⊥K−/u
1
D
K−/u
1
=
H
⊥pi−/u
1
D
pi−/u
1
, (18)
H
⊥K+/d
1
D
K+/d
1
=
H
⊥K−/d
1
D
K−/d
1
=
H
⊥pi+/d
1
D
pi+/d
1
, (19)
H
⊥p¯/u
1
D
p¯/u
1
=
H
⊥pi−/u
1
D
pi−/u
1
,
H
⊥p¯/d
1
D
p¯/d
1
=
H
⊥pi+/d
1
D
pi+/d
1
, (20)
for the unfavored FFs, which means that the ratios of
favored and unfavored Collins function of the kaon and
proton/antiproton are proportional to the ratios of the
favored and unfavored unpolarized FFs of the pion. For
mesons, the relations in Eqs. (16), (18) and (19) may be
motivated by the Artru model [56], which suggests that
all the favoured (or unfavoured) Collins function de-
scribing fragmentation into spin-zero mesons have the
same sign. For the Collins functions of quarks fragment-
ing into spin-1/2 hadrons, currently there is no any the-
oretical implication or experimental constraint. As a
first approximation, we assume that they can be con-
nected to the Collins fragmentation of mesons through
Eqs. (17) and (20). For the TMD unpolarized FFDq1(z,p
2
T ),
we assume its pT dependence has a Gaussian form
Dq1
(
z,p2T
)
= Dq1(z)
1
π〈p2T 〉
e−p
2
T
/〈p2
T
〉, (21)
where 〈p2T 〉 is the Gaussian width for p
2
T . We choose
〈p2T 〉 = 0.2 GeV
2 in the calculation, following the fitted
result in Ref. [57]. For the integrated FFs Dq1(z) for
different hadron production, we adopt the leading order
set of the DSS parametrization [58].
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Fig. 3 The beam SSAs for charged pions (left panel), charged kaons (central panel) and proton/anti-proton (right panel) in
SIDIS at HERMES with a proton target. The upper panels show the results calculated from the TMD DFs in Set 1, the lower
panels show the results calculated from the TMD DFs in Set 2. The dashed, dotted and solid curves show the asymmetries
from the eH⊥1 term, the g
⊥D1 term and the sum of the two terms, respectively. The preliminary data are from Ref. [42] and
the error bars include both of the systematic and statistical uncertainties.
Finally, in this work, we consider the following kine-
matic constraints [59] on the intrinsic transverse mo-
mentum of the initial quarks throughout our calcula-
tion:{
k2T ≤ (2− x)(1 − x)Q
2, for 0 < x < 1;
k2T ≤
x(1−x)
(1−2x)2 Q
2, for x < 0.5.
(22)
They are obtained by requiring the energy of the parton
to be less than the energy of the parent hadron (the first
constraint) and the parton should move in the forward
direction with respect to the parent hadron (the second
constraint) [59]. For the region x < 0.5, there are two
upper limits for k2T at the same time; it is understood
that the smaller one should be chosen.
3 Numerical results on the beam SSAs for
charged hadron production
3.1 HERMES
To perform numerical calculation on beam SSAs of charged
hadron production in SIDIS at HERMES, we adopt the
following kinematic cuts [42]:
0.023 < x < 0.9, 0.1 < y < 0.85, 0.2 < z < 0.7,
Ebeam = 27.6GeV, W
2 > 10GeV2, ,
Q2 > 1GeV2, 0.05 < PT < 1.85GeV,{
2GeV < Eh < 15GeV, for π
± and K±
4GeV < Eh < 15GeV, for p and p¯
(23)
where W is the invariant mass of the hadronic final
states, and where Ebeam and Eh are the energies of the
electron beam and the detected final-state hadron in
the target rest frame, respectively.
In the left, central, and right panels of Fig. 3, we plot
the beam SSAs for charged pions, kaons and proton/anti-
proton production in SIDIS off the proton target at
HERMES, as functions of z, x, and PT . The upper pan-
els show the results calculated from the TMD DFs in
Set 1, while the lower panels show the results from the
TMD DFs in Set 2. The curves are compared to the
preliminary HERMES results on the asymmetries us-
ing the data collected during the years 1998-2007 [42].
To distinguish different origins of the asymmetry, we
use the dashed and dotted curves to show the contri-
butions from the eH⊥1 term and g
⊥D1 term, while the
solid curves stand for the total contribution.
By comparing the theoretical results with the pre-
liminary experimental data, we find that for π+ produc-
tion, the result in Set 2 shows a positive asymmetry at
the magnitude of 1% to 2%, which can well describe
the preliminary HERMES data. For π− production,
the model result from Set 1 is positive, agreeing with
the sign of the preliminary HERMES data that demon-
strate slightly positive asymmetry, although the calcu-
lation overestimates the data at large x and large PT
regions. Our new results are the predictions on charged
kaons, proton and anti-proton production, for which we
obtain rather small asymmetries in both sets. These
results are consistent with the preliminary HERMES
data, although the uncertainties are large. This indi-
cates that the valence quark approximation could be
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Fig. 4 Similar to Fig. 3, but with a deuteron target.
valid in the asymmetries for charged kaon, proton and
anti-proton produced at HERMES. Furthermore, the
contributions from the eH⊥1 term are almost negligible
in both sets.
One of the main results in this work is our predic-
tion for the beam SSAs of charged hadrons produc-
tion with a deuteron target at HERMES, as shown in
Fig. 4. Again we plot the asymmetries for charged pi-
ons, charged kaons and proton/anti-proton production
in the the left, central, and right panels. The sizes of
the asymmetries are similar to the case of the proton
target. For the pion asymmetries on the deuteron tar-
get, we find that the calculation in Set 1 can well de-
scribe the preliminary data, especially for the π− pro-
duction. Also, the agreement between the theoretical
curves and the preliminary data is better than that on
the proton target. Another difference from the proton
target is that the dominant contributions are given by
the g⊥D1 term for almost all hadrons, while the contri-
butions from the eH⊥1 term are small compared to the
g⊥D1 term. The dominance of the g
⊥D1 term is more
evident in Set 1. This is not surprising because in the
case of the deuteron target the eH⊥1 term contributes
in the following way:
(
eu(x,k2T ) + e
d(x,k2T )
)
⊗
(
H
⊥h/u
1 +H
⊥h/d
1
)
, (24)
where H
⊥h/u
1 +H
⊥h/d
1 corresponds to the sum of the fa-
vored Collins function and the unfavored one. Since the
favored and the unfavored Collins functions are similar
in size but opposite in sign, the eH⊥1 term contribu-
tion for the deuteron target is largely suppressed. In
the case of the charged hadron production, it would
be more ideal to probe the distribution g⊥ using the
deuteron target than the proton target at HERMES.
3.2 CLAS 12GeV
In this subsection, we present our predictions on the
beam SSAs for charged hadron production at JLab with
a 12GeV longitudinally polarized electron beam scat-
tered off nucleon targets, which could be performed in
the near future. We adopt the constraints on kT given
in Eq. (22) and apply the following kinematic cuts in
the calculation [60]:
0.1 < x < 0.6, 0.4 < z < 0.7, Q2 > 1GeV2,
PT > 0.05GeV, W
2 > 4GeV2. (25)
In Fig. 5 we plot the beam SSAs for charged hadrons
produced in SIDIS by a longitudinally polarized elec-
tron beam with 12 GeV scattered off an unpolarized
proton target at JLab, as functions of z, x, and PT . In
our previous work [39], we already presented the results
for π0 production at JLab 12 GeV, where we consid-
ered the g⊥D1 term and used the distribution g
⊥ cal-
culated in Set 1. Here we show the beams SSAs for π+
and π− in Set 1 and Set 2, in the left panel of Fig. 5.
The result for π+ production at JLab 12 GeV in Set
1 shows that the asymmetries contributed by two dif-
ferent sources almost cancel, leading to a rather small
total asymmetry. In the other cases the pion asymme-
tries do no vanish. Similarly, we plot the asymmetries
for K± and p/p¯ in the central and the right panel of
Fig. 5. We find that the asymmetries for K± and p/p¯
in Set 1 are quite sizable, while the the asymmetries for
those hadrons in Set 2 are consistent with zero. There-
fore, the precise measurements on the beam SSAs for
K± and p/p¯ production at JLab 12 GeV could be used
to distinguish different spectator models. For complete-
ness, in Fig. 6 we plot the same asymmetries for differ-
ent charged-hadron production at JLab 12 GeV, but on
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Fig. 5 Predictions on the beam SSAs for charged pions (left panel), charged kaons (central panel) and proton/anti-proton
(right panel) in SIDIS at JLab with a 12 GeV electron beam scattered off a proton target. The upper panels show the results
calculated from the TMD DFs in Set 1 and the lower panels show the results calculated from the TMD DFs in Set 2. The
dashed, dotted and solid curves show the asymmetries from the eH⊥1 term, the g
⊥D1 term and the sum of the two terms,
respectively.
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Fig. 6 Similar to Fig. 5, but with a deuteron target.
the deuteron target, in the case that a deuteron target
would be available. We find that the size and the sign
of the asymmetries on the deuteron target is similar to
the case of the proton target.
4 Conclusion
In this work, we performed an analysis on the beam
SSAs for π±, K±, proton and antiproton in SIDIS at
the kinematics of HERMES, as well as at the kinemat-
ics of JLab 12 GeV. We considered the case that the
nucleon target is a proton or a deuteron. In our cal-
culation we employed the contributions from the eH⊥1
term and the g⊥D1 term, and we used two sets of TMD
DFs calculated from two different spectator models. We
compared the theoretical curves with the preliminary
data recently obtained by the HERMES Collaboration.
We find that for pion production, two sets of TMD DFs
lead to rather different results, also, the roles of the
eH⊥1 term and the g
⊥D1 term are different in different
Sets. The asymmetries for charged kaons, proton and
antiproton are small in both sets and are consistent
with the preliminary HERMES data. For the deuteron
target, we find that the role of the eH⊥1 term is small
compared to the g⊥D1 term. Therefore, the contribu-
tion to beam SSAs related to the g⊥D1 term could
be studied without a significant background from the
8mechanism related to the eH⊥1 term. Finally, the analy-
sis on the beam asymmetries of charged hadron produc-
tion at JLab indicates that the precise measurement on
the beam SSAs of K± and p/p¯ production, which can
be performed at JLab with a 12 GeV electron beam in
the near future, could be used to distinguish different
spectator models and shed light on the mechanism of
the beam SSAs in terms of TMD DFs.
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